The microdilution checkerboard technique was utilized to distinguish synergistic activity between tobramycin and four ␤-lactams: piperacillin-tazobactam, ticarcillin-clavulanate, ceftazidime, and ceftriaxone. ␤-Lactam-aminoglycoside combinations were tested against 75 clinical isolates of Pseudomonas aeruginosa, Acinetobacter baumanii, Citrobacter freundii, Serratia marcescens, and Enterobacter cloacae. Despite in vitro susceptibilities, all isolates demonstrated either synergism or indifference; no antagonism was observed. Against pathogenic gram-negative nosocomial isolates, a greater percentage of synergy was consistently observed with combination regimens containing tobramycin and piperacillin-tazobactam or ticarcillin-clavulanate than with the cephalosporin-containing regimens.
To avoid the emergence of resistance during therapy and to improve clinical outcomes, combination antibiotic therapy is often employed in the treatment of serious gram-negative bacterial infections (4, 9a, 11, 19) . Moreover, combination therapy broadens the spectrum of bacterial coverage and often achieves synergistic inhibition of the infecting pathogen. Against gram-negative bacteria, a difference exists in the frequency of synergism when a cephalosporin versus a penicillin is combined with an aminoglycoside. To provide insight into the optimal synergistic combination for a variety of nosocomial gram-negative pathogens, we evaluated two penicillin derivative-containing ␤-lactamase inhibitor combinations (piperacillin-tazobactam and ticarcillin-clavulanate) versus two cephalosporin agents (ceftazidime and ceftriaxone), each combined with tobramycin, by the microdilution checkerboard technique.
(This research was presented, in part, at the 97th General Meeting of the American Society for Microbiology, Miami Beach, Fla., May (21) .
All strains were tested by the microdilution checkerboard technique provided by Eliopoulos and Moellering (9) . Briefly, bacterial dilutions from the logarithmic-growth phase were prepared and subsequently pipetted into microtiter trays containing various drug regimen concentrations. The final inoculum size in the microtiter trays equaled 10 5 CFU/ml. As a means of quality control, a sample of inoculating suspension was plated out to assess colony growth both quantitatively and qualitatively. Concentrations of each antibiotic ranged from four to five times below the MIC to two times the MIC for the pathogen being tested. Regimens studied included tobramycin in combination with each of the following four agents: piperacillin-tazobactam and ticarcillin-clavulanate (maintained at fixed inhibitor concentrations of 4 and 2 g/ml, respectively), ceftazidime, and ceftriaxone. Inoculated microtiter trays were incubated at 37°C for a period of 24 h, after which trays were read for inhibition of bacterial growth. In order to evaluate the outcome of the drug combination, fractional inhibitory concentration (FIC) indices were calculated as FIC A ϩ FIC B , where FIC A and FIC B represent the minimum concentrations that inhibited organism growth for drugs A and B, respectively (8) . Individual checkerboard runs were repeated five times for each isolate and drug combination tested. From the five replicates, a mean FIC index was calculated, applied to a commonly utilized definition of synergy, and classified as either synergistic (Յ0.5), indifferent (Յ0.6 but Յ4.0), or antagonistic (Ͼ4.0). A general agreement of 80% (4/5) between checkerboard replications was defined based on previous checkerboard experience with P. aeruginosa (16) .
Statistical differences between the frequency of synergy were compared by the chi-square test for multiple comparisons. A statistical difference was determined by a P value of Յ0.5.
Median MICs and their ranges for the individual agents tested against each organism are presented in Table 1 . The results, expressed as the percentage of isolates against which synergy was demonstrated for each combination, are provided in Table 2. Table 2 also shows, for each ␤-lactam-aminoglycoside combination testing synergistic and each pathogen, the number of isolates that tested either susceptible or intermediately susceptible to at least one agent. Our results indicated that the penicillin derivatives (piperacillin and ticarcillin) in combination with ␤-lactamase inhibitors showed a greater degree of synergy against P. aeruginosa and S. marcescens than did the cephalosporin agents, ceftazidime and ceftriaxone, when combined with tobramycin, regardless of susceptibilities to the individual agents. Of the penicillin derivative combinations, piperacillin-tazobactam tested synergistic against a significantly greater percentage of P. aeruginosa and S. marcescens isolates than cephalosporin-containing regimens, whereas ticarcillin-clavulanate did not. As observed in Table 2 , both penicillin derivative-containing regimens showed 100% synergy against isolates of A. baumanii, a finding that was not observed with the other isolates tested. All isolates not classified as synergistic were determined to be indifferent, and no isolate showed antagonism to any antibiotic regimen.
Among resistant isolates of P. aeruginosa, several isolates that were resistant to the ␤-lactam component also had variable susceptibility to tobramycin. Despite resistance to both piperacillin-tazobactam and tobramycin in two isolates, one showed synergy and the other indifference; the same was observed for two ceftazidime-and tobramycin-resistant isolates. For two isolates showing resistance to both ticarcillin-clavulanate and tobramycin, synergy was observed.
The term synergy has several different interpretations and definitions, which are influenced by the method used (15) . Synergy, as defined by the checkerboard methodology, represents at least a fourfold reduction in MIC when agents are combined compared with the activities of either agent alone. One problem is that the available methods for determining synergy are intended to simplify an intricate process that occurs in the human body. In humans, drug concentrations, bacterial inoculum size, and host defense contributions are continually changing in quantity and potentially in quality over time, and the ability to capture the dynamics of this complex organism-drug-host relationship is beyond our current technology. We therefore depend on currently available methods for synergy determination to assess the complex nature of these drug relationships; as a result, these data are useful when the limitations (e.g., variability in interpretive criteria and lack of reproducibility) of in vitro testing are respected.
Despite this limitation in the interpretation of synergy data, the observation of synergism is generally considered beneficial in the treatment of infection. The literature provides numerous citations of studies that have evaluated the in vitro synergy of specific drug combinations against a wide range of gram-positive and gram-negative organisms; however, due to the complexity of the pathogen-host-drug triad, limited in vivo data which support the use of synergistic combinations are available. The relationship between in vitro synergy and clinical outcome has been studied for the following infection-specific diagnoses: endocarditis (3, 7, 17, 18, 22, 23) , meningitis (20) , and bacterial sepsis in both immunocompetent and granulocytopenic patients (1, 2, 5, (11) (12) (13) . These studies support the use of synergistic combinations.
In the present study, we evaluated in vitro synergism among ␤-lactam-tobramycin combinations against a large number of clinically isolated pathogenic gram-negative bacteria. Our results indicate that the penicillins-␤-lactamase inhibitors in combination with tobramycin show a greater degree of synergy compared with the cephalosporins against all isolates tested except those of C. freundii and E. cloacae. For the C. freundii and E. cloacae isolates, the degrees of synergy observed in all aminoglycoside-containing regimens were essentially equal. In addition, piperacillin-tazobactam showed a significantly greater percentage of synergistic activity than the cephalosporin-containing regimens against P. aeruginosa and S. marcescens. Both penicillin derivative-containing regimens displayed 100% synergy against the isolates of A. baumanii studied. Our results are similar to those of a previous evaluation of cephalosporinaminoglycoside combinations assessed by the checkerboard microdilution method; that study showed the frequency of synergism to be 30 to 40% for the gram-negative pathogens tested (10) . ␤-Lactams combined with tobramycin, tested against isolates of P. aeruginosa, resulted in either synergism or indifference, despite the presence of resistance. As a result of these data, the ability to achieve synergy should not be dismissed on the basis of individual susceptibility patterns demonstrated by an isolated pathogen. Since the definition of synergy by the checkerboard method entails at least a fourfold reduction in the MIC of the agent when it is utilized in combination, the magnitude of this increase in susceptibility should be considered in treatment for multiple-drug-resistant isolates, against which optimal treatment strategies should be employed. The initiation of optimal anti-infective treatment regimens which maximize bacterial killing early in the infection process is critical for patients infected with virulent and potentially multidrug-resistant pathogens, such as pseudomonas (6) . Although a clear association between in vitro synergy assessments and good clinical outcomes is not always agreed upon, it is for these patients with high associated morbidity and mortality or for infections where resistant organisms are anticipated that the potential for optimal synergistic combinations should be considered. Since an antipseudomonal ␤-lactam in combination with an aminoglycoside is currently considered the treatment of choice for patients with suspected or proven serious systemic pseudomonal infection, our data suggest that the optimal empirical choice is to use an antipseudomonal penicillin rather than an antipseudomonal cephalosporin (11, 14) . In fact, comparison of the antipseudomonal penicillins indicate that piperacillin-tazobactam has an even-greater chance of attaining synergy against selected gram-negative bacilli (e.g., P. aeruginosa and S. marcescens) than ticarcillin-clavulanate.
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